The aim of this work was to estimate shrinkage, apparent density changes, and the effective diffusion coefficient of water, D eff , during eggplant drying. Drying experiments were performed using a halogen moisture analyzer. This technology has several advantages over the traditional methods reported in the literature, as it is quite inexpensive, requires less energy, and, in principle, can be used for many different types of foods. The experimental data were interpreted using a classical mathematical model that describes the transient mono-dimensional transport of water in food to estimate D eff . Under the experimental conditions examined, the D eff, was found to range from 1.13 . 10 −10 to 5.65 . 10 −10 m 2 /s. Shrinkage modelling revealed a non-linear dependence of food sample volume on the food's moisture content. In addition, while the apparent density of the food did not change appreciably during the first period of drying, a marked decrease was observed during the final drying period.
INTRODUCTION
Three main stages can be identified in the food-drying process. [1] The drying rate is initially controlled by external mass transfer, and it attains its maximum value during this phase. During the second phase, the process rate is controlled by internal mass transfer, and a progressive decrease in the drying rate is observed. In the third phase, the drying rate reaches a value near zero. During the third stage, the evaporation front moves from the food's outer surface towards its core, and the internal mass transfer resistance increases because water is transported through a progressively thicker layer of dry matter. These three phases are classified as the constant-rate, the first falling-rate, and the second falling-rate periods, respectively. [2] As drying progresses, the initial food sample structural equilibrium, which determines its size and shape, may be disrupted by the movement of water out of the solid matrix. The loss of water causes a change in the mechanical and structural properties of food, resulting in reduced structure mobility due to the lower water content and the 524 AVERSA ET AL. consequent increase in the solid fraction. During drying, a field of contraction stresses develops in the food structure, resulting in a change in food shape and size. This phenomenon is known as shrinkage. [3] The modification of a food's structure causes a time-dependent variation in its physical, chemical and transport properties [4] that must be addressed, especially when formulating transport models to predict industrial dryer performance. A large number of papers addressing the experimental evaluation of food properties can be found in the literature, and in many of these, great efforts have been made to estimate the diffusion coefficients of water within a solid matrix. [5] Several methods to generate such estimates have been proposed and applied to regularly shaped foods undergoing drying under well-defined experimental conditions (steady or unsteady states).
The permeability method [6] makes use of a thin layer of food, placed at the interface of two environments and maintained at a constant and uniform water concentration and temperature. A constant, linear concentration gradient develops in the sample under these conditions, and the diffusion coefficient (or permeability) can be estimated using Fick's first law. The concentration-distance curve method [5] is based on the measurement, at a definite time t, of the moisture concentration profile that develops within a sample due to mono-dimensional diffusion transport. Here, the solute concentration profile is determined by slicing and weighing the sample, though some technical problems related to the slicing process itself have been reported. [6] The so-called sorption/desorption method, [5] as well as the drying method, is based on the utilisation of a regularly shaped sample subjected to a drying process under constant and controlled operating conditions. The sample weight is monitored at regular intervals to evaluate the moisture loss (or the weight increase, in the case of sorption) until the sample mass remains static. In practice, for diffusion coefficient estimation, only the period in which the drying rate is controlled by water transport within the material is considered.
None of the above-described procedures can be considered, however to be a standard method. The values of diffusion coefficients available in the literature are, indeed, highly variable, [7] mostly due to the temporal variation evolution of food structure and composition, which can vary even when two samples with similar initial characteristics are dried under the same conditions. Saravacos and Maroulis [5] published a detailed review of experimental results obtained by different authors regarding water-diffusion coefficient estimation in foods. They found that some food types were heavily analysed, whereas others, such as eggplant lacked useful data and should thus be properly characterised.
Shrinkage and apparent density change are also essential in describing water transport in food matter. The former defines the shape/size evolution of the domain where water is transported; the latter is necessary to evaluate the actual value of water concentration, and, in fact, this is strongly affected by the actual food water content. Several factors affect shrinkage to varying extents, depending on the mobility of the biopolymeric matrix constituting the food, on its water content and temperature, and on the drying conditions. [3] It should also be noted that, since food is composed of air, water and dry matter, different definitions of food density are commonly used [8] [9] [10] : the actual density of the dry solid, the particle (or true) density and the apparent density. The first accounts exclusively for the contribution of dry solid in the mass-to-volume ratio, the second for the dry solid and water contributions and the third for the air component in addition to the dry solid and water contributions. [11] [12] [13] The ratio between the total weight and the total volume provided the time evolution of the apparent density of food. Both shrinkage and apparent density are usually estimated by monitoring food sample dimensions and water content, and the collected experimental data are eventually interpolated to provide a set of functions that correlate each measured variable with sample moisture content. The aim of this work was to estimate shrinkage, apparent density change and the effective diffusion coefficient of water, D eff , during eggplant drying. The major novelty of the present study lies in the utilisation of a halogen moisture analyzer, which has several advantages over the traditional technologies reported in the literature in terms of performance during drying experiments.
THEORY
Simplified approaches have been proposed to model food-drying processes. Many approaches consider food as hygroscopic and as a capillary porous material for which inner evaporation is negligible. The vapour flow through the porous medium, usually modelled using Darcy's equation, is therefore ignored. Water is assumed to instead be transported, as a liquid and as a vapour, via capillary flow and molecular diffusion, respectively. For the sake of simplicity, it is commonly assumed [7, 5] that this combination of different transport mechanisms can be expressed by referring to the D eff . For a significantly wet material, the prevailing transport mechanism is capillary diffusion of liquid water, so D eff can be considered a capillary diffusion-like coefficient. In contrast, for a very dry material, the molecular diffusion of water as a vapour prevails over capillary flow of liquid, and D eff can be considered a molecular diffusion coefficient. [14] In the present work, unsteadystate, mono-dimensional water transport in food was therefore modelled using a Fickian diffusion equation, leading to the following partial differential equation:
where C is the water concentration in food, t is the time and z is the spatial coordinate along which water is transported. An analytical solution for Eq. (1), leading to the time evolution of the water concentration profile, C(z,t), was found, in agreement with the procedure suggested by Carslaw and Jaeger, [15] as an infinite series that rapidly converges for large values of a characteristic dimensionless time. The water concentration profile was then averaged over the whole sample thickness, yielding an expression for the variable <C(t)> that was also experimentally measured by monitoring the decrease in food weight with respect to time. The experimental value of <C(t)> was equated to the analytical expression of the space-averaged concentration profile to obtain a single non-linear equation whose solution provided the value of the effective diffusion coefficient of water at a given time, t. This procedure was applied to the available experimental values of <C(t)>, which were measured under conditions of internal mass-transfer control, thus providing a set of different values for the effective diffusion coefficient, D eff,i . The actual estimation was performed as the average among all the D eff,i values.
In the present case, Eq. (1) refers to a slice ( Fig. 1 ) with the following general assumptions: (i) the process rate is controlled by internal mass transfer and external resistance is negligible; (ii) the system is isothermal; (iii) the slice diameter is much larger than its thickness, so water transfer prevailingly occurs in the z direction; (iv) D eff is a function of temperature only; (v) moisture distribution is initially uniform; and (vi) the food slice is placed on a metal plate through which no water transport may occur. The following boundary conditions were applied: 
B.C. 2: An equilibrium relationship exists between the water concentration in the air and the water concentration on the upper food surface at z = L
where ρ m is the air molar density and y eq is the molar fraction of water vapour in the air, evaluated in terms of the vapour pressure of water, the activity of water on the food surface and the pressure in the drying chamber. [16] As described in the following passage, drying was performed using a halogen lamp under extreme drying conditions, so the activity of water on the food surface trended rapidly to zero and C z=L = 0. Based on the above discussion, the water concentration profile was determined and expressed according to the following general form:
where K 2 is a generic constant, and L(t) is the actual sample thickness, accounting for the shrinkage effect. It should be noted that a set of experimental information is necessary to estimate the diffusion coefficient of water using Eq. (4). First, a proper set of drying curves is needed to precisely specify when internal resistance was the limiting step in the drying process to validate one of the hypotheses of the present model. The drying curves are also necessary to evaluate <C(t)> in the sample. Finally, a measurement of the actual food thickness must be performed to estimate the time evolution of L(t).
MATERIALS AND METHODS
A Halogen Moisture Analyzer (Mettler Toledo HB43) was used to generate the eggplant drying curves. The HB43 instrument consists of a small drying chamber placed on a precision balance that allows for the monitoring of sample weight loss during the drying process (Fig. 2) . The heat necessary for water evaporation in this system is provided by a halogen lamp installed in the upper part of the apparatus, directly above the balance. The drying temperature is set before drying takes place and is maintained throughout the entire process. During the drying process, the air is still and vapour concentration on food surface trended rapidly to zero due to extreme drying conditions. Eggplants, purchased at a local market, were first sliced to obtain regular disks with an initial diameter of 8 ± 0.01 cm. Three different thicknesses, 6 ± 0.1, 8 ± 0.1, and 10 ± 0.1 mm, were tested to analyze the effect of this variable on the process. The above dimensions were measured using a vernier calliper, with a precision of 0.02 mm. The initial moisture content varied between 0.92 and 0.94 kg water/kg wet food.
Each slice was dried in the Moisture Analyzer under fixed operating conditions, and was continuously monitored with a digital thermo-hygrometer with sensors placed within the drying chamber (Fig. 2) to monitor air temperature and humidity throughout the process. For each value of eggplant thickness, three different temperatures, 70, 80, and 90
• C, were tested. Each experiment was repeated twice to assess the reproducibility of the experimental drying curves, and the average values and the corresponding standard deviations were calculated and thereafter used to estimate water-diffusion coefficient as described in the previous section.
During drying, the main dimensions of the food sample were also examined; each eggplant slice was periodically removed from the drying chamber and its average thickness and base surface were measured. The former quantity was calculated as the average value of measurements performed with a vernier calliper at three different locations on the disk. For the base surface, to account for the irregular shape variation due to the shrinkage effect, the outline of the eggplant sample was periodically traced onto a paper sheet of known density.
The paper sheet was then weighed, allowing the surface area of the paper sheet and thus the eggplant base surface area to be assessed.
All the above measurement tasks were performed in less than 30 seconds to avoid significant food re-humidification. It was therefore possible to measure the sample weight, its thickness, its (estimated) surface area and, consequently, the volume at regular intervals. The ratio between the total weight and the total volume (accounting for the contributions of dry solid, water, and air) provided the time evolution of the apparent density. All experimental points were used to generate a volume versus water content curve to model eggplant shrinkage.
Before using the experimental data to evaluate the water-diffusion coefficient, it was necessary to verify the correctness of the assumptions upon which the mathematical model described in the previous section was based. Inside the Moisture Analyzer, the food sample was placed on the precision balance plate. Water transport was thus allowed only through the upper surface, which was exposed to the halogen lamp and dried rapidly, thus establishing a water activity value rapidly trending to zero. It was also necessary to adopt a procedure for the estimation of the actual time when the internal mass transfer resistance began control the drying rate. In fact, both the constant-rate period and the second fallingrate period of each drying curve were excluded, as shown for a typical case in Fig 3. The constant-rate period was thus characterised by a set of experimental points lying on a straight line. Similar behaviour was observed for the points belonging to the second falling-rate period, which were excluded from the effective diffusion coefficient evaluation procedure because two regions (dry and wet) are clearly delineated in the food where the evaporation front occurs, and thus, the assumption of an isotropic material is no longer applicable. In summary, only the experimental points belonging to the intermediate region (first falling-rate period) were used to estimate the water-diffusion coefficient since they are the only ones that satisfy the above-described mathematical model.
RESULTS AND DISCUSSION
Figures 4-6 show the drying curves obtained at 70, 80 and 90
• C for initial thicknesses of 6, 8, and 10 mm, respectively. X and X 0 are the actual and initial water contents (kg water/kg dry matter), respectively. All of the experimental data exhibit low standard deviations, and the drying curves show rather regular trends that allow for identification of the falling rate period and estimation of the effective diffusion coefficient of water in eggplant, according to the procedure described above. Table 1 summarises the average values of D eff as estimated in all the tested conditions. In the case of an initial thickness equal to 8 or 10 mm, a monotonic increase in D eff was observed with temperature increases, thus confirming that increased temperature increases both molecular and capillary diffusion. [17] The values of D eff obtained for samples of different initial thicknesses at the same temperature show that a precise relationship between D eff and L cannot be identified. This is likely a result of two opposing effects. Some authors have found that in a thicker sample, the formation of channels and pores, representing a preferential path for water transport, facilitate an overall increase in the water diffusion coefficient. [5] Conversely, lower resistance to mass transfer is generally observed when water transport occurs along a shorter path.
Typical experimental results of a shrinkage characterisation experiment are shown in Fig. 7 , where the ratio between the actual and the initial volume (V/V 0 ) is plotted (for both of the experiments performed at the same temperature) versus X/X 0 . A considerable decrease in food volume was observed during both the constant-and the falling-rate periods (X/X 0 between 1 and 0.1). In contrast, during the final stage of the process (X/X 0 lower than 0.1), the increased rigidity of the solid matrix led to negligible variations in food sample external dimensions, in agreement with the results reported by Mayor and Sereno. [2] Although different drying temperatures were tested, no notable temperature effect was observed, so it can be assumed that the operating temperature does not significantly affect eggplant shrinkage, as was also discussed by Zogzas et al. [18] As reported in the literature, [3] shrinkage can be modelled by fitting experimental data on volume variation versus food moisture content. Linear models are usually suitable to describe materials and process conditions leading to a linear decrease of volume over the whole range of humidity. This phenomenon can generally be ascribed to the development of negligible or uniform porosity during the drying process. Linearity, however, does not describe the actual behaviour when pore formation increases sharply, especially during the final stage of drying. In such cases, the time evolution of V/V 0 versus X/X 0 is better described by more complicated models, for instance exponential or quadratic forms, as suggested by Mayor and Sereno [2] and by Zogzas et al. [18] The experimental data of V/V 0 versus X/X 0 , collected for the three food thicknesses tested in the present study, were fitted to two models: a linear one and a power law with a third parameter, c, as the exponent of X/X 0 . Figure 8 shows a comparison between both tested models for an eggplant slice with an initial thickness of 6 mm. As also reported in Table 2 , the power model gives better performance in terms of statistical significance and is thus preferable for describing shrinkage over the whole range of sample moisture content, especially when the volume decrease is no longer proportional to water content decrease. Linear models can be adopted for a wide range of X/X 0 , but do eventually fail, as expected, when the sample becomes very dry and X/X 0 is lower than ∼0.1. Figure 9 shows the dependence of apparent density on water content in some typical cases. A rather significant variation of apparent density was observed as drying proceeded. At the beginning of drying, apparent density ranged from 400 to 500 kg/m 3 , in agreement with the values found by Ali et al. [19] and by Jha and Matsuoka. [20] Subsequently, a slight 532 AVERSA ET AL. increase was observed up to a value close to 700 kg/m 3 . When eggplant is very dry (X/X 0 lower than 0.1), a steep decrease in apparent density occurs. This phenomenon can be probably ascribed to the formation of pores within the solid matrix, as was observed by May and Perré [21] and Wang and Brennan. [22] For the sake of brevity, other experimental data on food apparent density were omitted because their general trend was similar to those already presented. However, Tables 3, 4, and 5 report the experimental results for moisture content, volume, and density for slab thicknesses of 6, 8 and 10 mm. Table 3 Experimental values of moisture content, volume and apparent density, during drying, for an initial eggplant slab thickness of 6 mm. Table 4 Experimental values of moisture content, volume and apparent density, during drying, for an initial eggplant slab thickness of 8 mm. 
CONCLUSIONS
A novel experimental technique was proposed to evaluate some the most significant parameters involved in a food-drying process, i.e., the effective diffusion coefficient of water, shrinkage, and apparent density change. Generally, D eff increased as the operating temperature increased, but a precise relationship between and initial sample thickness could not be identified. During the first period of drying, the apparent density of the food did not change appreciably with sample moisture content, whereas a linear relationship between food sample volume and moisture content was recognised. Conversely, during the final period, a notable decrease in apparent density and a strong deviation from linear proportionality between the volume and water content were observed. The considerable variability of vegetable properties demands reliable, but also simple, versatile and cheap experimental techniques for the estimation of major food properties. The proposed method has several advantages over those reported in the literature since it is inexpensive, requires less energy, and in principle, can be applied to different types of foods. Moreover, it provides trustworthy parameter estimation, as was confirmed by comparing the present results with those reported in other studies addressing eggplant drying, when available, or of other vegetables under similar operating conditions.
